Both the WNT/b-catenin and hedgehog signaling pathways are important in the regulation of limb development, chondrocyte differentiation, and degeneration of articular cartilage in osteoarthritis (OA). It is not clear how these signaling pathways interact in interzone cell differentiation and synovial joint morphogenesis. Here, we determined that constitutive activation of hedgehog signaling specifically within interzone cells induces joint morphological changes by selectively inhibiting b-catenin-induced Fgf18 expression. Stabilization of b-catenin or treatment with FGF18 rescued hedgehog-induced phenotypes. Hedgehog signaling induced expression of a dominant negative isoform of TCF7L2 (dnTCF7L2) in interzone progeny, which may account for the selective regulation of bcatenin target genes observed. Knockdown of TCF7L2 isoforms in mouse chondrocytes rescued hedgehog signaling-induced Fgf18 downregulation, while overexpression of the human dnTCF7L2 orthologue (dnTCF4) in human chondrocytes promoted the expression of catabolic enzymes associated with OA. Similarly, expression of dnTCF4 in human chondrocytes positively correlated with the aggrecanase ADAMTS4. Consistent with our developmental findings, activation of b-catenin also attenuated hedgehog-induced or surgically induced articular cartilage degeneration in mouse models of OA. Thus, our results demonstrate that hedgehog inhibits selective b-catenin target gene expression to direct interzone progeny fates and articular cartilage development and disease. Moreover, agents that increase b-catenin activity have the potential to therapeutically attenuate articular cartilage degeneration as part of OA.
Introduction
In the limbs, the growth plate provides the cartilage template that is turned over into bone during the process of endochondral ossification. Growth plate chondrocytes are responsible for bone growth during prenatal and postnatal development, a process regulated, in part, by Indian hedgehog-induced (IHH-induced) hedgehog signaling (1) .
Synovial joints, composed of multiple tissue types, including synovium, menisci (in the knee), and articular cartilage, separate adjacent bones and function as sites of articulation. Articular cartilage caps the ends of bones, providing a low-friction surface for motion. Articular chondrocytes produce and maintain the extracellular matrix of articular cartilage, which forgoes the endochondral ossification process, persisting throughout adulthood. Superficial zone (SFZ) cells found at the surface of articular cartilage are the least chondrogenic of the articular chondrocytes and express lubricin, a proteoglycan responsible for maintaining joint integrity (2) . In osteoarthritis (OA), a degenerative joint disease, articular cartilage is degraded and osteophytes (ectopic bone) are formed, in part, by increased hedgehog signaling in articular chondrocytes, mimicking the endochondral ossification process (3, 4) . In addition, bone underlying the articular cartilage thickens, a response proposed to be a result of mechanical stress-induced TGF-β signaling in osteoblast precursors within the subchondral bone (5) .
Synovial joint cells are derived from growth and differentiation factor 5-expressing (GDF5-expressing) interzone cells (6) . Interzone cells first appear in the mouse forelimb between E11 and E11.5. During differentiation, interzone progenitor cells downregulate the expression of chondrogenic markers COL2A1 and SOX9 and instead express GDF5 (7, 8) . Interzone cells then differentiate into synovial joint cells, including articular chondrocytes, but do not contribute to growth plate chondrocytes. The signaling mechanisms responsible for the differentiation of interzone progeny, including chondrocytes, are not well understood.
Interzone differentiation is dependent on multiple pathways, including canonical WNT and hedgehog (9) (10) (11) (12) . Activation of hedgehog signaling prior to interzone formation induces joint fusions through increased BMP expression (1, 12) . In contrast, Ihhdeficient mice fail to form joints in the distal hind limbs (13) . This suggests that joint morphogenesis is, in part, dependent on spatial regulation of hedgehog signaling. WNT ligand-induced β-catenin activity is necessary for joint formation and maintenance (9, 10, 14) . Hedgehog and canonical WNT signaling interact to regulate cell fates in a variety of other developmental contexts (15) (16) (17) ; however, it is unclear how hedgehog and canonical WNT signaling interact in interzone cells.
Both the WNT/β-catenin and hedgehog signaling pathways are important in the regulation of limb development, chondrocyte differentiation, and degeneration of articular cartilage in osteoarthritis (OA). It is not clear how these signaling pathways interact in interzone cell differentiation and synovial joint morphogenesis. Here, we determined that constitutive activation of hedgehog signaling specifically within interzone cells induces joint morphological changes by selectively inhibiting β-catenininduced Fgf18 expression. Stabilization of β-catenin or treatment with FGF18 rescued hedgehog-induced phenotypes. Hedgehog signaling induced expression of a dominant negative isoform of TCF7L2 (dnTCF7L2) in interzone progeny, which may account for the selective regulation of β-catenin target genes observed. Knockdown of TCF7L2 isoforms in mouse chondrocytes rescued hedgehog signaling-induced Fgf18 downregulation, while overexpression of the human dnTCF7L2 orthologue (dnTCF4) in human chondrocytes promoted the expression of catabolic enzymes associated with OA. Similarly, expression of dnTCF4 in human chondrocytes positively correlated with the aggrecanase ADAMTS4. Consistent with our developmental findings, activation of β-catenin also attenuated hedgehog-induced or surgically induced articular cartilage degeneration in mouse models of OA. Thus, our results demonstrate that hedgehog inhibits selective β-catenin target gene expression to direct interzone progeny fates and articular cartilage development and disease. Moreover, agents that increase β-catenin activity have the potential to therapeutically attenuate articular cartilage degeneration as part of OA.
Hedgehog inhibits β-catenin activity in synovial joint development and osteoarthritis ing in interzone cells on chondrocyte differentiation. We used R26RLacZ fl/fl Gdf5-Cre mice to track the differentiation of interzone progeny into chondrocytes at the surface of the tibia. Fate map analysis using X-gal-stained R26RLacZ fl/fl Gdf5-Cre hind limb sections showed that synovial joint cells, but not underlying growth plate chondrocytes, were derived from Gdf5-expressing progenitor cells, consistent with previous results (Figure 2 , A and E, and ref. 6) . Fate map analysis of E17.5 mice with active hedgehog signaling (R26RLacZ fl/+ SmoM2 fl/+ Gdf5-Cre mice) identified the cells filling the joint space as well as the ectopic tibial cartilage (as described above; Figure 1 , Q and R) as being derived from Gdf5-expressing progenitors by X-gal staining ( Figure 2B ). However, we found that the area of X-gal-positive chondrocytes within the tibial surface cartilage, defined by cells within the proteoglycan-rich (safranin O [SafO] stained) region, was reduced in R26RLacZ fl/+ SmoM2 fl/+ Gdf5-Cre mice compared with R26RLacZ fl/fl Gdf5-Cre control mice (Figure 2 , C-G). Thus, hedgehog signaling inhibits interzone cell differentiation to chondrocytes at the tibial surface.
To identify the phenotype of the cells occupying the kneejoint space in mice with active hedgehog signaling (SmoM2 fl/+ Gdf5-Cre), we performed in situ hybridizations for markers of chondrocytes and osteoblasts in E17.5 hind limb sections. In addition to expressing Ptch1 and parathyroid hormone-like hormone (Pthlh), readouts for activation of hedgehog signaling in this cell population (Supplemental Figure 4 , A, B, E, and F), these cells did not express chondrocyte markers sex determining region Y-box 9 (Sox9) or collagen type II alpha 1 (Col2a1) ( Figure  2 , H-K), nor was there mineralized tissue (data not shown). However, the cells did express a low level of Col1a1, consistent with a mesenchymal phenotype (Figure 2 , L and M). We also found that the proliferation marker Ki67 was expressed in this population of cells, which was absent from Crecontrols ( Figure 2 , N and O); these data are consistent with these cells being a proliferating, mesenchymal-like population.
Hedgehog signaling inhibits β-catenin target gene expression in interzone progeny. At E14.5, mice did not have ectopic cartilage in the tibia in any of the transgenic lines studied ( Figure 3 , A-D). Lineage tracing of interzone progeny using R26RLacZ fl/fl Gdf5-Cre mice at E14.5 showed that the loosely packed population of cells bordered by cartilage, ligaments, and tendons was derived from interzone progeny ( Figure 3E ). This population of cells demonstrated a less-differentiated phenotype than other interzonederived cells in tissues surrounding it, including cartilage, as defined by SafO staining, and ligament/tendon, as defined by stacked cells oriented in parallel ( Figure 3 , A-D). To determine how hedgehog and WNT/β-catenin signaling might interact in this, and possibly other interzone-derived progeny, we used in situ hybridization to determine changes in the expression pattern of select β-catenin target genes (Figure 3 , F-O). The number of cells expressing Fgf18, a tissue-selective β-catenin target gene expressed by interzone progeny (18) (19) (20) , was reduced in mice with active hedgehog signaling (SmoM2 fl/+ Gdf5-Cre mice) as compared with Cremice, while the number of cells expressing Axin2 did not change (Figure 3 , F, G, J, K, L, and O).
We next determined whether β-catenin localization was altered in vivo in response to hedgehog activation. There was no significant difference in the percentage of interzone progeny with nuclear We sought to determine how hedgehog and WNT/β-catenin signaling interact to regulate interzone cells and their progeny and found that hedgehog signaling regulation is necessary for appropriate joint morphogenesis. Hedgehog signaling inhibited selective β-catenin target gene expression, including that of Fgf18, but did not change β-catenin localization in vivo. Rather, hedgehog induced the expression of dominant negative TCF7L2 (dnTCF7L2), which was partially responsible for the reduction in Fgf18 expression. Phenotypes associated with hedgehog activation could be rescued by β-catenin modulation or exogenous FGF18. Our findings show a link between hedgehog and β-catenininduced FGF18 expression in interzone progeny and also show how this signaling balance modulates tissue morphogenesis. Furthermore, we found that the balance of hedgehog and β-catenin signaling is critical to the maintenance of articular cartilage in adult mouse models of OA and that expression of the dnTCF7L2 orthologue, dnTCF4, in human chondrocytes likely plays a role in cartilage degeneration via regulating expression of ADAMTS4. Thus, factors that modulate β-catenin activity may be beneficial in the therapeutic treatment of OA.
Results

Regulation of hedgehog signaling in interzone cells is necessary for joint and long bone morphogenesis.
To determine the effect of hedgehog signaling on joint morphogenesis and skeletal development, we studied embryonic development in mice that had constitutively active or inactive hedgehog signaling in interzone-derived cells ( Figure 1 Although the length of the domain occupied by type X collagen matrix was not altered in growth plates of mice with active hedgehog signaling (SmoM2 fl/+ Gdf5-Cre) compared with Cregrowth plates, there was a reduced number of cells occupying the zone of type X collagen deposition (Supplemental Figure 3 , A, B, E, and F), suggesting a delay in growth plate chondrocyte maturation and differentiation. Thus, hedgehog signaling in interzone cells has primary effects on joint morphology and secondary effects on growth plate and bone development.
Hedgehog signaling regulates interzone cell fate and joint morphogenesis. We next determined the effect of hedgehog signal- Figure 4 , J and K). In addition, the ratio of RNA expression of a dnTcf7l2 isoform to full-length Tcf7l2 was increased (Supplemental Figure 4L ), suggesting a shift toward dnTcf7l2 expression. We next evaluated the effect of a dominant negative human orthologue of TCR7L2, dnTCF4, on the expression of β-catenin target genes and markers of cartilage degradation in human chondrocytes ( Figure 4 , E-K). Primary human chondrocytes isolated from femoral condyles of knees from patients undergoing kneereplacement surgery were cultured and infected with adenovirus to express dnTCF4 or GFP (as a control). Chondrocytes infected with the dnTCF4-expressing adenovirus vector had significantly increased levels of dnTCF4 protein and total TCF4 transcripts compared with cells infected with GFP adenovirus (Figure 4 , E and F). As anticipated, dnTCF4-infected cells had reduced levels of the β-catenin target genes AXIN2 and FGF18 (Figure 4 , G and H). Interestingly, however, these cells also had significant increases in the RNA expression of MMP13, MMP3, and ADAMTS4 (Figure 4 , I-K), genes whose protein products mediate the destruction of extracellular matrix components of cartilage (22) (23) (24) (25) . Overall, these data are consistent with the notion that TCF7L2/TCF4 isoforms, including dominant negative isoforms, play a critical role in regulating β-catenin target genes downstream of hedgehog sig-sion of Fgf18 (18, 19) . Hedgehog active mice (SmoM2 fl/+ Gdf5-Cre) had a significantly increased number of interzone-derived cells expressing dnTcf7l2 as compared with Cremice ( Figure 3 , R-T). Collectively, these data suggest that selective β-catenin target gene expression is inhibited by hedgehog signaling in interzone progeny, likely through expression of TCR isoforms such as dnTCF7L2.
Isoforms of TCF7L2/TCF4 regulate the expression of Fgf18 and target genes associated with cartilage destruction in OA in mouse and human chondrocytes. Primary costal chondrocytes isolated from C57BL/6 mice were used to determine the contribution of isoforms of TCF7L2 to the expression of FGF18. Primary chondrocytes were treated with purmorphamine (PM) and transfected with siRNA to reduce the expression of TCF7L2 isoforms. PM treatment increased the protein levels of both full-length and dominant negative isoforms of TCF7L2, while transfection of siRNA against all isoforms of TCF7L2 reduced the PM-induced expression of all isoforms of TCF7L2 ( Figure 4A ). siRNA knockdown of TCF7L2 isoforms rescued reductions in Fgf18 RNA expression induced by PM without significantly affecting the expression of Axin2 or the hedgehog target gene Gli1 (Figure 4 , B-D).
Primary mouse SFZ cells, the least chondrogenic progeny of the interzone as part of articular cartilage, have vastly different gene-expression profiles as compared with the remaining articular chondrocytes, including higher expression levels of Fgf18 (21) . Similar to our findings in costal chondrocytes, treatment of iso- mice, which have constitutive activation of both hedgehog and β-catenin in Gdf5-expressing interzone progeny. The skeletons of mice with activated β-catenin alone in interzone progeny (Ctnnb1 ex3fl/+ Gdf5-Cre) were not overtly different compared with those of Cremice at P0 (Supplemental Figure 2 , A and D). At E17.5 and P0, there was no significant difference in the length of bone, cartilage, or zone of type X collagen deposition or cell density within the type X collagen zone in forelimbs, hind limbs, or tibias compared with Cremice, except for the proximal cartilage of the ulna, which was shorter at P0 ( Figure 1 , A, D, F, naling and may also play a crucial role in regulating the expression of catabolic enzymes that are important in the breakdown of articular cartilage in OA.
β-Catenin activation attenuates phenotypes induced by hedgehog signaling modulation in part through regulating Fgf18 expression.
Since our data suggested that hedgehog signaling was interfering with β-catenin-induced gene expression, we next determined whether we could rescue hedgehog-induced phenotypes by enhancing β-catenin activity through constitutive activation of β-catenin in vivo. We generated SmoM2 fl/+ Ctnnb1 ex3fl/+ Gdf5-Cre Thus, hedgehog-induced interzone morphological changes are rescued by constitutive activation of β-catenin, suggesting that a threshold level of β-catenin activity is necessary to sustain the expression of Fgf18, possibly by competing with hedgehog-induced dnTCF7L2 for TCF-binding sites as a complex of β-catenin and full-length TCF isoforms (26) .
To determine the contribution of FGF18 to the maintenance of joint morphogenesis, we cultured E14.5 hind limbs from Creand hedgehog active mice (SmoM2 fl/+ Gdf5-Cre) in media containing recombinant FGF18 or FGF4 (as a control; Figure 5 ). Uncultured limbs from E14.5 SmoM2 fl/+ Gdf5-Cre mice did not have ectopic cartilage, consistent with Crehind limbs ( Figure 5 , A-C, and I-K). We found no differences in hind limb morphology or localization of Col1a1 expression after 48 hours of culture among control, FGF18-, or FGF4-treated Crehind limbs ( Figure 5 Figure 5R ). These data support the notion that β-catenin-induced FGF18 expression prevents ectopic cartilage formation on the tibia and may be key in regulating joint cell differentiation and maintenance.
Activation of β-catenin can attenuate hedgehog and surgically induced articular cartilage degeneration. Hedgehog signaling is activated in articular chondrocytes during joint degeneration (4) . We sought to determine whether β-catenin could attenuate hedgehoginduced joint degeneration in postnatal mice, similar to the rescue of joint morphogenesis seen in our developmental models. To evaluate the efficiency of tamoxifen-induced, Col2-CreERT2-mediated recombination, we generated R26RLacZ fl/+ Col2-CreERT2 mice. Six weeks after tamoxifen injection, 24.18% ± 5.31% (mean ± SE, n = 4) of the articular chondrocytes on the tibial surface of mouse knee joints showed evidence of recombination, as determined by X-gal staining (Supplemental Figure 5A ). The majority of X-gal-stained cells were localized to the superficial and midzone chondrocytes, suggesting that these cells were most prone to Col2-CreERT2-induced recombination in articular chondrocytes of adult mice.
We focused on cartilage in the medial tibial plateau of mice, as our previous experience and that of others has shown this domain to be most prone to cartilage degeneration as a result of both spontaneous and surgically induced OA (27) . We first activated hedgehog signaling in chondrocytes of mature mice that contained a tamoxifen-inducible Col2-Cre transgene (SmoM2 fl/+ Col2-CreERT2). Consistent with previous results (4), 6 weeks after tamoxifen injection, these mice had degenerative zones in the medial tibial articular cartilage compared with Crecontrols. Mice with active hedgehog signaling (SmoM2 fl/+ Col2-CreERT2) had loss of proteoglycans, indicated by reduced SafO staining of the cartilage, evidence of vertical clefts, and loss of surface lamina, as determined histologically and quantified using OARSI scoring recommended for mouse We next wanted to determine whether joint degeneration due to mechanical injury could be attenuated by activation of β-catenin. We surgically removed the medial meniscus from the left hind limbs of Cremice or mice with conditional, tamoxifen-inducible β-catenin (Ctnnb1 ex3fl/+ Col2-CreERT2). Tamoxifen was administered 1 week after surgery. Six weeks after tamoxifen injection, the medial tibia of the surgical knee of Cremice showed significant tibial cartilage degeneration as compared with contralateral limbs, evidenced by vertical clefts and cartilage erosion covering approximately 25% of the cartilage surface, as determined by OARSI scoring (Figure 6 , J, K, and N). Consistent with our hedgehog-induced joint degeneration model, Ctnnb1 ex3fl/+ Col2-CreERT2 mice had significantly reduced joint degeneration as compared with Cremice, evidenced by a reduction of severe erosion or vertical clefts and quantified by OARSI scoring ( Figure 6 , J-N). Subchondral bone and synovitis OARSI scores between surgical knees of Creand β-catenin active mice (Ctnnb1 ex3fl/+ Col2-CreERT2) were not significantly different. There was also no significant difference in OARSI scores for cartilage, subchondral bone, or synovitis in contralateral limbs from Creand Ctnnb1 ex3fl/+ Col2-CreERT2 mice ( Figure 6 , J, L, N, and Supplemental Figure 6 , B and D). Qualitatively, we also found that removal of the medial meniscus induced cellular changes consistent with OA, similar to our nonsurgical joint degeneration model and that, consistent with our nonsurgical model, activation of β-catenin reduced the observed surgically induced cellular phenotypes (Supplemental Table 1 ).
Consistent with the domain of X-gal staining of R26RLacZ fl/+ Col2-CreERT2 mice 6 weeks after tamoxifen injection, we found focal cartilage degeneration in the superficial and midzones of the cartilage in SmoM2 fl/+ Col2-CreERT2 mice ( Figure 6B and Supplemental Figure 6A ). In addition, we found that mice that carried the Ctnnb1 ex3 allele had increased nuclear staining of β-catenin in SFZ cells by immunohistochemistry (Supplemental Figure 5 Figure 6 , A-E). No significant differences in subchondral bone thickness were seen between the genotypes (Supplemental Figure 6A ). In addition, a significant increase in synovitis was seen in SmoM2 fl/+ Col2-CreERT2 mice compared with Cremice or Ctnnb1 ex3fl/+ Col2-CreERT2 mice. There was a moderate, but not significant, reduction in synovitis score in Table 1 ). 
Discussion
Here, we show that hedgehog signaling regulation plays a vital role in joint development and morphogenesis. Activation of hedgehog signaling in interzone cell progeny results in changes to joint morphogenesis and skeletal development. We found that hedgehog signaling is a negative regulator of chondrocyte differentiation at the articular surface and of selected β-catenin target gene expression through induction of negative regulators of β-catenin-mediated, TCF-dependent transcription, including TCF7L2/TCF4 isoforms. We identified β-catenin-induced FGF18 as an important factor responsible for maintaining joint morphogenesis when hedgehog is active in interzone progeny. Our findings in development also apply to joint degeneration, revealing a vital link between joint development and the maintenance of adult articular cartilage. We propose a model for the interaction between hedgehog and β-catenin signaling in which the balance of these pathways plays a vital role in regulating both joint development and disease (Figure 7) . Previous studies show morphological joint changes, including joint fusions, in response to Ihh expression or hedgehog activation by Cre-mediated recombination induced in Col2a1-expressing mesenchymal cells of transgenic mice (12, 30) . The expression of Col2a1 and Col2a1-Cre is upregulated in interzone progenitors prior to Gdf5 expression or Gdf5-Cre-recombinase activity (31-33), targeting joint progenitor cells prior to interzone differentiation. We utilized Gdf5-Cre mice to spatially and temporally target interzone cells and their progeny, allowing us to modulate hedgehog signaling after interzone cell differentiation. This allowed for the integration of the effects of hedgehog signaling on the maintenance and differentiation of interzone progeny rather than on Col2a1-expressing cells before interzone cell differentiation. In contrast with joint fusions induced by early hedgehog activation reported in these previous studies, we observed undifferentiated cells within the knee joints. Thus, joint fusions may result from hedgehog-induced signaling factors expressed from the surrounding tissues and not directly in the interzone cells or their progeny.
Ihh-knockout mice fail to form joints in the distal digits of the hind limbs, but express Gdf5 and other joint markers in areas surrounding sites predicted to form joints (13) . In our study, removal of hedgehog signaling in interzone progeny (Smo fl/fl Gdf5-Cre) did not result in morphological changes to joint formation, suggesting that once Gdf5-expressing interzone cells form, hedgehog signaling in interzone progeny is dispensable for joint and skeletal morphogenesis up until birth.
IHH induces PTHLH expression in periarticular cells, which maintain proliferation, and delays terminal differentiation of growth plate chondrocytes (30, 34) . We found that hedgehog activation in interzone progeny induced Pthlh expression, which explains the increased size of the growth plate and the reduced number of hypertrophic cells in the type X collagen domain. FGF18, expressed by cells in the developing joint and by perichondrial cells, also plays an important role in regulating growth plate maturation. FGF18 prevents maturation of resting and proliferating chondrocytes and promotes terminal maturation of hypertrophic chondrocytes (20, 35) . Fgf18 is also expressed in the perichondrium and contributes to the regulation of growth plate maturation (36) . Although we did not observe changes in compared with Cremice or contralateral limbs, respectively (Figure 6 , F, G, O, and P). Activation of β-catenin in mice with active hedgehog signaling (SmoM2 fl/+ Ctnnb1 ex3fl/+ Col2-CreERT2) rescued FGF18 expression across the articular surface ( Figure 6I ), consistent with our observations developmentally. However, in surgically induced OA mouse models, we did not observe FGF18 expression in mice with active β-catenin (Ctnnb1 ex3fl/+ Col2-CreERT2; Figure  6R) ; this was possibly a result of increased cartilage degeneration in surgical Ctnnb1 ex3fl/+ Col2-CreERT2 mice compared with nonsurgical SmoM2 fl/+ Ctnnb1 ex3fl/+ Col2-CreERT2 mice. We did observe sustained expression of ADAMTS5 in the articular cartilage of Ctnnb1 ex3fl/+ Col2-CreERT2 surgically induced OA mice, similar to contralateral knees of Creand Ctnnb1 ex3fl/+ Col2-CreERT2 mice and in contrast with Cresurgically induced OA knees (Supplemental Figure 5 , E-H). Overall, these results suggest that activation of β-catenin in surgical models of OA delays cartilage degeneration, possibly by maintaining FGF18 expression.
To determine whether our developmental and in vitro findings also related to human OA, we examined the expression of selected genes in osteoarthritic cartilage sampled from human femoral condyles at the time of knee-replacement surgery ( Table 1 ). We found that there was a strong, positive, and significant correlation of dnTCF4 with ADAMTS4, the major aggrecanase associated with human OA cartilage and not expressed in normal cartilage (29) , consistent with our results when we overexpressed dnTCF4 in human chondrocytes ( Figure 4K ). Full-length TCF4 did not significantly correlate with ADAMTS4 expression. Furthermore, we found a substantial negative correlation between AXIN2 and both full-length TCF4 and dnTCF4, suggesting that increased expression of both of these factors could negatively regulate downstream β-catenin target gene expression. Finally, we also found that both TCF4 and dnTCF4 correlated significantly and very strongly with each other, consistent with protein changes observed when mouse costal chondrocytes were treated with PM ( Figure 4A ). Overall, these data suggest that the expression of dnTCF isoforms is linked to ADAMTS4 expression and may play a vital role in initiating and regulating cartilage degeneration. Together, these studies indicate that it is necessary to maintain WNT/β-catenin activity at a high level in order to sustain joint integrity and, consistent with our findings in development, β-catenin target genes are likely modulated selectively by the increased expression of hedgehog-induced negative regulators, such as dnTCR7L2/dnTCF4, in OA. the patellar ligament, leading to local differentiation, as described in tendon-influenced bone eminence formation (40, 41) . The loss of meniscus formation may result from proliferation of the interzone progeny in the joint space, as identified by Ki67 staining in this study, rather than differentiation, or through dysregulation of multiple genes directing the differentiation of the meniscus (42) . However, the specific signals disrupting meniscus formation and selective ectopic cartilage formation observed in this study require further investigation. Our work in mice identified selective changes to the mRNA expression of the β-catenin target gene Fgf18 but not Axin2 in vivo and in vitro in response to hedgehog activation without alteration of β-catenin localization in vivo. Previous studies show that hedgehog and WNT/β-catenin signaling interact and negatively regulate β-catenin target gene expression through expression of secreted frizzled-related proteins (43) or through expression of intracellular TCF/LEF transcription factors including dnTCF7L2/dnTCF4 (16) . We determined that both dominant negative and full-length isoforms of TCF7L2 are expressed in vivo and in vitro and are responsible, in part, for reductions in Fgf18 expression, as determined in our costal chondrocyte cultures. Full-length TCF7L is expressed by developing chondrogenic condensations within the developing limb and binds to β-catenin-regulated target genes, including Axin2 and Fgf18, within promoter or intronic regions (18, 19, 26, 44) . All TCF transcription factors bind to transcriptional corepressors, which are then displaced in response to accumulation of nuclear β-catenin (45, 46) . In response to WNT ligands, TCF transcription factors have varying abilities to control target gene expression based on cell type, epigenetic state, and TCF/LEF binding ability (47, 48) . For example, Axin2 shows less selectivity for specific TCF isoforms needed for WNT-induced transcription, whereas T/Bra is more stringent in its TCF-binding complement for WNT-induced transcription (48) . Interestingly, full-length TCF4, but not LEF1 or TCF3, induces MMP1, MMP3, and MMP13 expression in human chondrocytes in vitro and is upregulated in human OA cartilage compared with healthy cartilage in vivo (49) . This can be explained by increased TCF4-corepressor complexes forming due to the limited pool of β-catenin able to bind to TCF4, which overall promotes Mmp gene expression, similar to our results from overexpression of dnTCF4 in human chondrocytes.
The number of TCF-binding elements in a gene could also play a role in transcriptional regulation. Mouse Axin2 has 8 TCF-binding sites within exon 1 and intron 1 that regulate gene expression in response to WNT activation (44) . In contrast, mouse Fgf18 has Fgf18 expression in the perichondrium (Supplemental Figure 4 , M and N), the growth plate phenotypes and loss of Fgf18 expression observed in mice with active hedgehog signaling from our current study are consistent with the described role of FGF18 in regulating growth plate maturation. This suggests that FGF18 expressed from interzone progeny regulates interzone-to-chondrocyte differentiation and may signal, in concert with the perichondrium, to regulate growth plate maturation.
Although activation of β-catenin rescued expression of Fgf18 in interzone progeny of mice with constitutive hedgehog signaling, we saw only partial rescue of growth plate length (Supplemental Figure 2I ), likely the result of the sustained expression of PTHLH induced in vivo (Supplemental Figure 4H) . This raises the possibility that the effect of hedgehog activation on growth plate chondrocyte maturation, as seen in other studies (1, 12) , may be dependent on both increased PTHLH and reduced FGF18 expression. In addition, in this study, FGF18 but not FGF4 inhibited ectopic cartilage formation in mice with active hedgehog signaling in interzone progeny. Since FGF18 primarily signals through FGFR3, whereas FGF4 has low signaling through this receptor (37, 38) , signaling through FGFR3 likely inhibits ectopic cartilage formation. This is consistent with recent studies that show that inhibition of FGFR3 signaling in chondrocytes can promote hedgehog signaling and induce chondroma-like lesions (39) . However, we found that FGF18 alone could not inhibit all hedgehog-mediated phenotypes, including the persistence of undifferentiated cells in the joint space ( Figure 5O ), possibly as a result of sustained hedgehog-induced gene expression.
Previous studies show that WNT/β-catenin signaling induces differentiation of interzone cells and maintains progeny in vivo (6, 10) . Since we showed selective reduction in β-catenin target gene expression with active hedgehog signaling in vitro and in vivo, we propose that hedgehog signaling in interzone progeny may prime these cells to become more mesenchymal-like and prone to signals from surrounding tissues for differentiation into progeny including chondrocytes. Interestingly, we only observed ectopic cartilage on the tibia and a loss of meniscus formation within the knee as a result of hedgehog signaling in interzone progeny. The selective location of the ectopic cartilage may be a result of morphogen or mechanical signals coming from surrounding tissues, possibly tions identifying the overall transcriptional changes induced by hedgehog integration with β-catenin signaling will likely help to define molecular pathways regulating not only developmental processes, but also pathological disease states. Finally, consistent with conclusions drawn from other groups (21, 50) , our data also support the notion that treatment modalities that upregulate β-catenin activity may help to attenuate articular cartilage destruction in OA. For mice that did not undergo surgery, tamoxifen (1 mg/10 g; Sigma-Aldrich) was injected in 8-week-old mice for 5 consecutive days, as previously described (51) . Mice were sacrificed 6 weeks after injection. Medial meniscectomy was performed on the left hind limb of some Ctnnb1 ex3fl/+ Col2-CreERT2 and Crelittermates at 8 weeks of age. Six days after surgery, mice were injected with tamoxifen and sacrificed 6 weeks after injection. Severity of cartilage degeneration on the medial surface of the tibia, synovitis, and tibial subchondral bone thickening was assayed by OARSI scoring recommended for analysis of mouse OA (28) . Between 3 and 8 sections from 2 to 4 slides separated by a minimum of 60 μm were evaluated by 3 independent, blinded reviewers, and the mean score for each joint compartment was determined.
Methods
Whole-mount and histological staining. For whole-mount skeleton preparations, P0 mice were skinned, eviscerated, and fixed in 95% ethanol. Mice were stained with Alcian blue (0.015% in acetic acid/95% ethanol at a ratio of 1:4) for cartilage, cleared with 1%-2% KOH, then stained again with Alizarin red for bone (0.005% in 1% KOH).
E14.5 or E17.5 embryonic hind limbs were fixed in formalin and embedded in paraffin. Histological sections were stained by SafO/Fast Green/Weigert's iron hematoxylin to identify proteoglycan-rich cartilage, or von Kossa/Nuclear Fast Red to identify calcified tissue. Adult mouse hind limbs were fixed in 10% formalin and decalcified using 3 changes of Immunocal (Decal Chemical Corp.) over 5 days. Hind limbs a single site within the promoter region necessary for activation (18, 19) . Overall, this suggests that mouse Axin2 would be less sensitive to regulation by TCF transcription factor isoforms, such as corepressor-bound TCF7L2 and dnTCF7L2, than Fgf18, consistent with observations in this study. Interestingly, only 5 of the 8 TCFbinding sites in the mouse Axin2 gene are conserved in human AXIN2 (44) , suggesting that human AXIN2 may be more sensitive to changes in TCF4 isoform expression, which we observed in our dnTCF4 overexpression study and analysis of human chondrocytes as compared with our in vitro studies in mouse chondrocytes (Figure 4 , B and G; Supplemental Figure 4J ; and Table 1 ).
There are conflicting data in the literature concerning the effect of modulation of β-catenin activity on articular stability. Inhibition of β-catenin in chondrocytes results in cartilage degeneration and hallmarks of OA, including chondrocyte clusters and ectopic bone (50) . Stabilization of β-catenin in chondrocytes also induces an OA-like phenotype (51) . Osteoarthritic cartilage has increased β-catenin protein within the chondrocytes (51); however, how this changes β-catenin-mediated gene expression in OA has not been defined. Our developmental data suggest that there may be selective changes to gene expression in interzone progeny, which may translate to gene-expression changes and phenotypes seen in OA. In our study, hedgehog activation in interzone progeny resulted in ectopic cartilage formation, a phenotype similar to the ectopic bone seen in adult mice with inhibition of β-catenin (50) . In contrast to previously published work (51), we did not observe structural damage to the knee-joint cartilage with β-catenin stabilization in chondrocytes of mature mice. This could be a result of stabilization of β-catenin in younger mice compared with that found in previous studies, due to timing of analysis of the joint after β-catenin stabilization or the lower recombination efficiency seen in our study. However, we still observed marked rescue of our OA phenotypes with activation of Ctnnb1 ex3 , suggesting that a secreted factor may be responsible for the reduction in cartilage damage. We also found that constitutive activation of β-catenin sustained FGF18 expression in hedgehog-induced models of cartilage degeneration. Interestingly, intraarticular injection of recombinant FGF18 can repair surgically induced cartilage degeneration in rats (52) . Although we did not observe FGF18 expression in Ctnnb1 ex3 Col2-CreERT2 mice with surgically induced OA, this may be a result of the severity of OA induced by the medial meniscectomy surgery. A less severe surgical model of OA that can be observed more longitudinally, such as the DMM model of OA, may be more suitable for studying the interaction between β-catenin and FGF18 during OA pathogenesis. Overall, however, our data and that from Moore et al. (52) would suggest that expression and signaling from β-catenin-induced FGF18 in the joint is necessary not only for repair, but also for joint maintenance.
We found a selective correlation of ADAMTS4 with dnTCF4, but not full-length TCF4, in human chondrocytes. However, AXIN2 negatively correlated with the expression of both dnTCF4 and full-length isoforms. Thus, similarly to our results in development, hedgehog signaling in OA may selectively regulate target genes through expression of dnTcf7l2/dnTCF4, augmenting the transcriptional response to WNT-induced β-catenin activity, preventing the maintenance of progenitor cells in the joint, and inducing cartilage degradation. Therefore, investigajci.org Volume 126 Number 5 May 2016
HRP-conjugated secondary antibodies and ABC solution prior to color reaction using DAB Substrate Kit (all from Vector Laboratories). Sections were counterstained with Mayer's hematoxylin.
In vitro cell culture, immunoblotting, and qPCR. SFZ cells were isolated on tissue culture plastic coated with cellular fibronectin from human foreskin fibroblasts (Sigma-Aldrich) from knees of 3 independent litters of 4-to 5-day-old CD1 pups (Toronto Centre for Phenogenomics), as previously described (63) . Cells were cultured in serumfree DMEM (Wisent Bioproducts) overnight prior to culture with PM (5 μM, 10009634, Cayman Chemical) and/or WNT3a (canonical WNT/β-catenin agonist; 100 ng/ml; R&D Systems). RNA was isolated using TRIzol (Invitrogen) followed by RNeasy Mini Kit columns. RNA was reverse transcribed by Superscript II. β-Catenin and hedgehog target gene expression from the cultures (Axin2 or Fgf18 and Ptch1, respectively) were determined by qPCR relative to the expression of eukaryotic 18S rRNA using TaqMan Universal PCR Master Mix and commercially available TaqMan primers/probes (Axin2, Mm00443610_m1; Fgf18, Mm00433286_m1; Ptch1, Mm00436026_m1; 18S rRNA, 4352930; Applied Biosystems).
Murine costal chondrocytes were isolated from P5 C57BL/6J mice (The Jackson Laboratory), as previously described (21) . Cells were seeded onto tissue culture plastic at a density of 5 × 10 4 cells/ cm 2 in DMEM containing 10% FBS and 1% penicillin/streptomycin. Cells were cultured for 60 hours prior to treatment with DMSO or 10 μM PM. Cell were then transfected with 10 nM Silencer Select Pre-Designed siRNA Tcf7l2-T1 (s74839-exons 4-6) or Silencer Select Negative Control no. 1 siRNA (4390843, Invitrogen) using Lipofectamine RNAiMAX (Invitrogen). Total RNA was isolated 48 hours after treatment and transfection using TRIzol. cDNA was synthesized using iScript Reverse Transcription Supermix for real-time reverse transcription qPCR (RT-qPCR) (Bio-Rad Laboratories Inc.). Gene-expression assays were conducted to determine the expression of β-catenin and hedgehog target gene (Axin2 or Fgf18, and Gli1, respectively) relative to β-actin, using SsoAdvanced Universal Probes Supermix (Bio-Rad Laboratories). Primer sequences used for qPCR of primary mouse chondrocytes were as follows: Actb (F: GGCTG-TATTCCCCTCCATCG, R: CCAGTTGGTAACAATGCCATGT); Gli1 (F: CCACAGGCACACAGGATCACC, R: ACAGACTCAGGC TCAGGCTTCTC);Fgf18 (F; TGAACACGCACTCCTTGCTAGT, R: GAATTCTACCTGTGTATGAACCGAAA); and Axin2 (F: TGTTTCT-TACTCCCCATGCG, R: ATGTCTTTGCACCAGCCA).
Tissue samples of human articular cartilage were obtained from 5 patients with OA at the time of total knee arthroplasty. Cartilage was dissected away from the underlying bone under sterile conditions, washed twice with PBS, and incubated in 1 mg/ml pronase solution (Roche) for 30 minutes at 37°C in DMEM/F12 supplemented with 10% FBS, 1% penicillin/streptomycin, 0.1% ITS (R&D system), and 50 μg/ml l-ascorbic acid (Sigma-Aldrich). Samples were plated in 1 mg/ml collagenase P solution (Roche) in complete media at 37°C overnight. The cell suspension was filtered through a 70-μm filter, centrifuged for 3 minutes at 800 g, and resuspended in culture medium. For culture, the chondrocytes were seeded in high-density monolayer (1.0 × 10 5 cells/cm 2 ).
Human chondrocytes were infected with an adenovirus expression vector for human dominant negative TCF4 (Vector Biolabs) or an adenovirus-GFP (control, Vector Biolabs) for 24 hours at 50 MOI and replaced in fresh medium. Cells infected with vectors were collected were postfixed in 10% formalin, embedded in paraffin, sectioned, and stained with SafO/Fast Green/Weigert's iron hematoxylin.
E14.5 and E17.5 R26RLacZ fl/fl Gdf5-Cre or SmoM2 fl/fl R26RLacZ fl/fl Gdf5-Cre embryos and tamoxifen-injected R26LacZ fl/+ Col2-CreERT2 mice were fixed for 2 hours in 4% formaldehyde, 0.02% NP40, in PBS at pH 7.3 at 4°C, washed 3 times in 2 mM MgCl 2 , 0.02% NP-40, in PBS at pH 7.3, and stained in wash buffer containing 1 mg/ml X-gal, 5 mM K 3 Fe(CN) 6 ,and 5 mM K 4 FE(CN) 6 3H 2 O. Limbs were washed with PBS and postfixed in 10% formalin. Adult limbs were decalcified using 3 changes of Immunocal for 5 days. Limbs were then paraffin embedded, and histological sections (5 μm) were counterstained with Nuclear Fast Red.
The length of long-bone cartilage and ossified regions, the total, proliferative, prehypertrophic, and hypertrophic length of the growth plate, the average length of the dorsal and ventral sides of the bone collar surrounding the growth plate, the area of X-gal-stained chondrocytes, and the number of cells expressing in situ hybridization markers or X-gal staining were measured by histomorphometry.
In situ hybridization and immunohistochemistry. Antisense RNA probes for Sox9 and Col2a1 , and hedgehog-induced target genes were prepared by in vitro transcription using digoxigenin-labeled UTP (Roche) per the manufacturer's instructions. dnTCF7L2 probes were generated by PCR using cDNA templates generated (Superscript II; Invitrogen Life Technologies) from RNA isolated (RNeasy Mini Kit; QIAGEN) from the head of E13.5 CD1 embryos and previously described primers (1b isoform; ref. 16 ). Formalin-fixed, paraffin-embedded histological sections (5 μm) from hind limbs of E14.5-E17.5 mice were treated with proteinase K for 20 minutes, postfixed in 4% PFA, and hybridized with probes for approximately 16 hours at 55°C, as previously described. HRP-tagged anti-digoxigenin Fc antibody fragments (11093274910, Roche) were bound to sections overnight at 4°C and stained with BM Purple (Roche). Sections were counterstained with Nuclear Fast Red.
For immunohistochemistry, dehydrated, paraffin-embedded sections from hind limbs of E14.5, E17.5, or adult mice were rehydrated. For E14.5 and E17.5 sections, antigen retrieval was performed by boiling in 10 mM citrate buffer (pH 6.0). For adult mice, antigen retrieval was performed by incubation of sections in 0.1% pepsin (Sigma-Aldrich) in 0.5 M acetic acid for 30 minutes or overnight in 10 mM citrate buffer (pH 6.0) at 60°C. E17.5 sections were incubated overnight at 4°C with rat anti-mouse Ki67 monoclonal antibody (clone TEC-3; M7249, Dako), a marker of proliferation. Adult sections were similarly incubated with anti-FGF18 (HPA018795, Sigma-Aldrich) or anti-ADAMTS5 (AB41037, Abcam) antibodies. For β-catenin immunohistochemistry, E14.5 or adult sections were prepared using the M.O.M. Kit (Vector Laboratories) and incubated at 4°C overnight with mouse anti-β-catenin monoclonal antibody (clone 14; 610154, BD Biosciences). E17.5 hind limb sections were enzymatically digested and stained for type X collagen (clone X53; 1-CO097-05, Quartett), as previously described (62) . For all immunohistochemistry, sections were incubated with appropriate
